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Bis ( Dioxo 1 ene ) ( Bipy r id ine ) Ru then lum  Redox  Series 

By  A . B . P . Lever , *  Pamela  R.  Auburn,  Elaine  S.  Dodsworth,  Masa-aki  Haga1*, 
Wei  Liu1-13,  Milan  Melnikic:  and  W.  Andrew  Nevinla 

Abstract 

Complexes  of  the  general  formula  [Ru ( bpy ) ( d ioxo 1 ene ) = J1""-  have  been 
prepared  where  (bpy)  is  2 , 2 ' -bipyr id ine ,  and  n  =  -1,  0,  +1.  The 

dioxolene  ligand  is  1 , 2-d ihydroxyben zene  (catechol),  3 , 5-d l - t-bu ty 1 -  or 
3 , 4 , 5 , 6- te trac h 1 oro-1 , 2-dihydroxybenzene  which  may  formally  exist  in  the 
catecholate,  semiquinone  or  quinone  oxidation  state.  Redox  series  of  up 
to  five  members  have  been  prepared  by  controlled  potential  electrolysis 
of  the  parent  species  or,  in  some  cases,  by  chemical  oxidation  or 
reduction.  E 1 ec troc hemis try ,  magnetism,  X-ray  structural  data  and 
ultraviolet,  visible  and  near  infrared  electronic,  resonance  Raman, 
vibrational  (FTIR),  nuclear  magnetic  resonance,  electron  spin  resonance 
and  photoelectron  spectra,  for  various  members  of  the  redox  series,  are 
discussed  in  terms  of  the  electronic  structures  (effective  oxidation 
states,  delocalization)  of  the  complexes.  Apparent  conflicts  between 
results  obtained  using  different  techniques  are  resolved  using  a  simple, 


qualitative  MO  model. 
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Introduction 

The  concept  of  oxidation  state  is  central  to  the  under s tand  ing  of 
inorganic  chemistry.  For  covalently  bonded  substances,  the  oxidation 
state  concept  is  a  formalism  based  on  conventions  which  enables  the 
categorization  of  chemical  behaviour  and  physical  properties^  These 
conventions  break  down  in  coordination  complexes  with  extensive 
de 1  oca  1 i zation ,  such  as  the  d i thio 1 enes . =  In  such  cases  the  oxidation 
state  may  no  longer  be  defined  as  an  integer,  and  the  chemical 
properties  are  more  easily  explained  using  a  molecular  orbital  model. 
Such  delocalization  was  not  thought  to  occur  in  dioxolene  complexes,3 
but  is  shown  to  occur  to  a  significant  extent  in  the  ruthenium  complexes 
described  here. 

Metal  complexes  containing  dioxolene  ligands  (di-oxo  members  of  the 
catechol  -  quinone  redox  series)  have  been  the  subject  of  many  recent 
publications.3-33  The  placing  of  two  ‘non-innocent’  ligands  on  one 
central  metal  ion,  which  itself  is  redox-ac tive ,  provides  useful  insight 
into  metal-ligand  bonding,  intramo 1  ecu  1 ar  electron  transfer  and  the 
concept  of  oxidation  state  in  coordination  chemistry. 

We  have  recently  reported  electrochemical  and  spectroscopic  data 
for  a  reaox  series  based  upon  Ru ( bpy ) - ( d ioxc 1 ene )  and  Ru ( py ) 4 ( d ioxo 1 ene ) 
where  the  dioxolene  ligand  was  in  the  catechol,  semiquinone  or  quinone 
oxidation  state. 4  Electrochemical  and  spectroscopic  data  were  presented 
to  show  that  the  ruthenium  could  be  regarded  as  Ru ( II)  throughout  this 
series,  but  that  some  delocalization  occurred  in  tne  two  oxidized 
species.4-3  We  describe  here  Ru i bpy M d l oxo 1 ene ) =  species  where  dioxolene 
is  derived  from  1 , 2-d l hydroxyben zene  (catechol,  CatH-i,  3 , 5-d i - t-bu ty 1 - 
(DTBCatH-),  or  3 , 4 , 5 , 6  - 1  e  t  rac  h  1  oro- 1 , 2-d  l  hyd  roxy  been  zene  (TClCatH=). 

The  c  har  ac  ter  i  z  a  t.  ion  of  the  oxidation  states  of  the  various 
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componen  t  s  ;diaxDlene  ligands  and  metal)  of  these  molecules  presents 
difficulties;  the  electronic  structures  are  not  obvious  from  the 
molecular  formulae.  The  two  dioxolene  ligands  have  a  total  of  six 
accessible  oxidation  states,  three  for  each  ligand,  and  the  ruthenium 
could  be  in  the  (II),  (III)  or  (IV)  oxidation  state,  giving  nine 
possible  combinations.  Upon  initial  examination  the  various 
experimental  techniques  lead  to  conflicting  conclusions,  but  it  is  shown 
that,  by  using  a  simple,  qualitative  MO  model,  the  data  can  be 
rationalized  in  terms  of  fairly  well  defined  but  delocalized  electronic 
struc  tures . 

Problems  in  assigning  oxidation  states  have  been  encountered  in  Ru 
and  Os  ammines  containing  ligands  with  very  low  energy  n"  orbitals  which 
mix  strongly  with  one  of  the  metal  d  or  bi  ta  1  s  .  -"•*1  •  Some  Os  complexes, 
which  formally  contain  metal  (I  I),  show  charge  transfer  bands  in  their 
electronic  spectra  which  benave  like  ligand  to  metal  charge  transfer 

(L - >0s(III)),  and  the  [  Ru  (  I  I  )  ( !MH3  )  =.  (  N-me  t  hy  1  py  r  a  z  in  i  um  )  j  ~~  complex  has 

a  RutSd^^-)  photoelectron  binding  energy  in  the  Ru ( I  I  I  )  range.16  The 
dioxolene  data  reported  here  provide  additional  insight  into  the 
electronic  structures  of  such  species. 

Within  a  given  redox  series,  the  startinq  material  as  isolated  from 
the  initial  synthesis  is  electrically  neutral  and  is  designated  S.  The 
symbols  Ri  and  R2  refer  to  the  first  and  second  reduction  products,  and 
□1  and  02  to  the  first  and  second  oxidation  products,  respectively. 

For  clarity,  t.ne  aobrev i a t ion  tdiox)  will  be  used  for  a  qeneral 
liqand  without  definition  of  its  oxidation  state.  The  labels  (DTBCat), 
(DTBSq)  and  (DTBG)  etc.  are  used  to  indicate  •  c a  tec  ho  1  a te ( -2 ) , 
sem i qu mono ( rad ic a  1  -1)  and  quinone(O)  oxidation  states  where  both 
substituent  and  oxidation  state  are  de lined,  i he  labels  cat,  sq  and  q 
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are  used  for  a  species  of  defined  oxidation  state  with  indeterminate 
substituent.  A  label  such  as  DTBDiox  defines  the  suostituent  but  not  the 
oxidation  state  of  the  ligand. 


Experiment a  1 

Methods ;  Electronic  spectra  were  recorded  with  a  Hi tachi-Perkin  Elmer 
microprocessor  model  340  spectrometer  or  a  Guided  Wave  Inc.  model  100-20 
Optical  Waveguide  Spectrum  Analyser  with  a  WP 100  fiber  optic  probe. 
Electrochemical  data  were  collected  with  a  Pine  model  RDE3  double 
potentiostat  or  with  a  Princeton  Applied  Research- (PARC)  model  173 
potentiostat  or  a  PARC  model  174A  Po 1  a rog r aph i c  Analyser  coupled  to  a 
PARC  model  175  Universal  Programmer.  Cyclic  and  differential  pulse 
voltammetry  were  carried  out  using  platinum  wire  working  and  counter 
electrodes,  and  a  silver  wire  quasi-ref erence  electrode.  Potentials  were 
referenced  internally  to  the  ferricenium/  ferrocene  couple  (Fc^/Fc,  0.31 
V  vs  SCE).3'7'  Spec  troe  lec  troc  hemica  1  measurements  utilized  an  optically 
transparent  thin  layer  electrode  (0TTLE)  cell  with  a  gold  minigrid 
working  electrode  (500  1  ines/inch)  ,3EJ  or  a  bulk  electrolysis  cell 
consisting  of  a  platinum  plate  working  electrode,  and  a  platinum  flag 
counter  electrode  and  a  silver  wire  quasi-ref erence  electrode  separated 
from  the  working  compartment  by  medium  glass  frits.  The  fiber  optic 
probe  was  immersed  in  the  solution  to  obtain  electronic  spectra  of  the 
pr oduc  t  s . 

Electron  spin  resonance  spectra  were  obtained  using  a  Vanan  E4 
spectrometer  calibrated  with  d l phony  1 p ic rv 1 hvd r a z l be .  Where  ESR  spectra 
of  e 1 ec t r oc hem ic a  1 1 y  generated  species  were  required,  these  were 
prepared  under  nitrogen  inside  a  Vacuum  Atmospheres  Drilab  and 


red  to  ESR  tubes.  Centro!  electronic  spectra  were  also  recorded. 
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NMR  data  were  obtained  using  a  Bruker  AM301')  FT  NMR  spec  trometer  . 
Magnetic  data  were  obtained  through  the  courtesy  of  Prof.  L.K.  Thompson 
(Memorial  University,  Newfoundland)  using  a  Faraday  balance. 
Phctcelectron  spectra  (PES)  were  recorded  at  the  Surface  Science  Centre 
in  tne  University  of  Western  Ontario,  London,  Ontario.  Fourier  transform 
infrared  (FTIR)  data  were  obtained  using  a  Nicolet  SX20  spectrometer,  as 
KBr  disks  or  as  Nujol  or  he x ac h 1 orobu t ad i ene  mulls.  Resonance  Raman  (rR) 
data  were  obtained  through  the  courtesy  of  Prof.  D.J.  Stufkens, 
University  of  Amsterdam,  using  apparatus  and  conditions  as  described 
previously.-'5’  Microana  1  yses  were  carried  out  by  Canadian  Mic  roan  a  1  y  t  lc  a  1 
Service  Ltd.,  New  Westminster,  RC . 

Ma  ter  i  a  1  s  ;  Te  trabu  ty  1  ammon  lur  perchlorate  (TRAP,  Kodak)  was 
recrysta 1 1 i zed  from  absolute  ethanol  and  dried  in  a  vacuum  oven  at  50°C 
for  2  days.  1 , 2-D icn lorobenzene  (DCB,  Aldrich  Gold  Label)  and 
1 , 2-d ic h 1 oroe thane  ( DCE  ,  Aldrich  Gold  Label)  were  used  as  supplied. 
Die h 1 oromethane  and  diethyl  ether  (Aldrich,  Reagent  Grade)  were  dried 
over  molecular  sieves  and  distilled  under  nitrogen  prior  to  use. 
Ru(bpy)Cl3  was  prepared  according  to  the  literature.4'11  Cobaltocene 
(Cp=;Co,  Strem  Chemical  Company)  was  used  as  supplied. 
3 , 5-Di-t-buty lcatechol  (Aldrich)  was  purified  by  recrysta 1 1 i zation  from 
benzene.  Catechol  was  purchased  from  Tokyo  Kasei  or  Aldrich,  and  was 
rec rys ta 1 l i zed  twice  from  ethanol.  3 , 4 , 5 , 6- Te trac h 1  croc  a  tec  ho  1  was 
prepared  by  reduction  of  c-chloraml  as  follows.  lo  a  stirred  solution 
of  o -chi  or anil  (2.0  q,  8.13  m no  1  )  in  qiaciul  acetic  acid  (20  mL)  was 
added  drcpwise  a  solution  or  SnCl-'i'H-Q  l  t  q;  £,2  mmol)  in  12  M  HC 1  (30 
mL  )  .  The  orange  colour  of  the  solution  first  darkened  and  then  faded  as 
the  product  pr ec i p i ta ted .  After  complete  addition,  the  resulting  mixture 
was  stirred  at  ambient  temperature  tor  30  mm.  I  ha  crude  product  was 
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filtered,  washed  witn  12  hi  HC1  and  then  dried  in  vacuo. 
Recrystal l ization  from  EtGH/H-0  qave  the  monchydrate  (887.  yield),  hp 
182-184 °C  ,  Lit'*1  19  4-19  5°C  . 

Preparation  ot  Complexes;  All  manipulations  were  carried  out  under 
nitrogen  or  arqon ,  with  standard  Schlenk  techniques,  except  where 
stated . 

Ru(bpy)(DTBDiox)^  (  1  ,  S ) :  To  degassed  methanol  (30  mL )  were  added 
Ru(bpy)Cl-  (0.29  g,  0.80  mmol)  and  DTBCatH-  (0.34  g,  1.5  mmol).  The 
resultant  slurry  was  refluxed  for  20  mm.  Addition  of  a  solution  of  NaOH 
(0.12  g,  3.04  mmol)  in  methanol  (10  mL )  then  qave  a  deep  blue  solution 
which  was  refluxed  for  24  h .  After  cooling  to  room  temperature  the 
mixture  was  exposed  to  air,  and  water  (5  mL )  was  added.  Upon  cooling 
( -5°C ,  24  h)  the  product  precipitated  as  a  dark  blue  powder,  which  was 
recrystal  1  ized  from  methanol /water  (877.  yield).  Samples  for  ESR  were 
purified  further  by  gel  filtration  on  Sephadex  LH20  using 
1 , 2-d  ic  h  1  oroe  thane  as  solvent.  1H  NhIR  data:  (in  with  207.  CDC13, 
scale  ppm  downfield  from  TMS)  7. 64-6. 40m;  1.68s;  1.67s;  1.34s;  1.33^; 
1 . 3 1  (  4  )  s  ;  1 . 31  (  0  )  s ;  1.26s.  Anal.  Calcd  for  Csal-UaN-CURu  :  C,65.4;  H,6.9; 
N , 4 . 0 .  Found:  C,65.2;  H,6.9;  N,4.0. 

Ru ( bpy ) (Diox ) ~  ( 2 , S ) :  This  compound  was  prepared  using  catechol  in  a 
procedure  analogous  to  that  described  above  for  ( 1 , S ) .  After  exposure 
of  the  reaction  mixture  to  air,  it  was  filtered  immediately  and  allowed 
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6.84tc1  (J  =  8.24,  i  .  SQ  Hz),  2H.  Anal.  Calcd  for  C^-Hi^N-OaRu :  C,55.8;  H. 
3.4;  id,  5.9.  Kound:  C.54.5;  H.3.4;  N.5.7.  This  compound  was  analysed 
several  times  and  a  better  (1  analysis  could  not  be  ODtained;  it  rr.ay  be 
partially  hydrated. 

Ru(bpy)  iTClDiox)=:  ( 3^S )  ;  This  compound  was  prepared  -  using 
te tr ac h 1  croc  a  tec  ho  1  in  a  procedure  analogous  to  that  described  above  for 
(1.8).  After  exposure  to  air  the  reaction  mixture  was  left  at  ambient 
temperature  for  48  h.  Filtration  of  this  mixture  qave  a  crude  material 
which  contained  primarily  a  dark  areen  by-product.  The  desired  product 
was  extracted  from  this  solid  with  several  portions  of  boiling 
d ic h 1 orome t hane .  The  combined  extracts  were  concentrated  in  vacuo  and 
methanol  was  then  added  to  initiate  crystallization.  This  mixture  was 
stored  at  -5~C  for  72  h.  Dark  blue  crystals  of  pure  Ru ( bpy ) ( TC 1  Diox ) 3 
(57.  yield)  were  filtered  off  and  washed  with  cold  methanol.  Anal.  Calcd 
for  C==HeC 1 oN-GaHu :  C,35.3;  H,l.i;  N,3.7.  Found:  C,54.S;  H,l.l;  N,3.4. 

Ru  (bpy)  (DfBDiox  ) -L 1 Cu  (  I.jJ.JI  )  :  To  a  stirred  solution  of  Ru  (  bpy  )  (  DTBDiox  )  = 
(69.9  mg,  0.098  mmol)  in  d ic h 1 orome t hane  (3  mL )  at  0“C ,  was  added  a 
solution  of  AgLlCU  (20  mg,  0.098  mmol)  in  acetonitrile  (0.5  mL ) .  Silver 
metal  began  to  precipitate  immediately  and  the  mixture  became  deep 
purple.  After  15  min  the  mixture  was  filtered  through  a  short  plug  of 
celite  (7  mm  x  50  mm)  to  remove?  the  metallic  silver.  The  volume  of  the 
filtrate  was  reduced  to  2  mL  and  a  mixture  of  diethyl  ether  and  hexanes 
was  added  to  initiate  crystal ! ization.  The  mixture  was  left  at  -5°C  for 
24  h.  After  filtration,  purple  crystals  of  the  product  were  obtained 
(917.  yield).  Anal.  Calcd  for  C-ol-UaC  l  N~U.i>Ku :  0,57.2;  H,6.1;  N,3.5. 
Found;  C , 56 . 8 ;  H,6.1;  N,3.7.  The  hexa f l uorophospha te  salt  was  prepared 
similarly,  using  AqPF*,  in  place  of  AqClCU:  its  spectra  (IR  and 
electronic)  were  in  agreement  with  those  of  file  perchlorate. 
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LCp-GolLRuibpy)  (Dio  x  )  -  J  (  14,_Rjy  :  Cobaltocene  (50.2  mg,  0.27  mmol)  was 
added  to  a  solution  of  Hu ( bpy ) ( Diox ) -  (O.ilZ  q,  0.24  mmol)  in 
dichloromethane  (30  mL )  in  an  oxyqen-free  environment  (dry  box).  The 
resulting  dark  green  solution  was  stirred  for  2  h  ana  then  filtered 
under  pressure  in  the  dry  box.  The  dark  green  microcrystalline  .product 
(847.  yield)  was  washed  with  diethyl  ether  and  dried  in  vacuo.  Anal. 
Calcd  for  Cr.=H-ACoN=G4Ru :  C  ,  58 . 0 ;  H,4.0;  N,4.2.  Found:  C,54.8;  H,3.9; 
N,4.1.  Some  difficulty  was  experienced  in  obtaining  a  better  C  analysis 
for  this  oroduct;  its  electronic  spectrum  is  in  agreement  with  the 
spec troe 1 ec trochemica 1  data. 


Results 

Two  series  of  compounds  were  prepared;  one  is  based  on 
Ru ( bpy ) ( diox ) = ,  necessarily  with  a  cis  configuration,  and  the  other  is  a 
series  of  cis-  and  trans-Ru ( R-py ) = ( d iox ) - ,  to  be  described  elsewhere,42 
but  whose  comparative  electronic  properties  are  relevant  to  the 
discussion  of  the  bpy  series.  The  materials  obtained  from  the  reaction 
mixture,  Ru ( bpy ) ( d iox ) - ,  the  so-called  starting  materials,  (labelled  S) 
possess  no  counter  ions,  and  are  air — stable,  dark  blue  crystalline 
compounds.  Single  crystal  X-ray  data  are  available  for  the 
Ru  ( bpy )( Diox  )  -  ( 2jS)  species  (Figure  1  )  ,  and  for  the  related 
trans-Ru  (  4-t-Supy  )-(  DTBDiox  )  ,  ,  (4_tlS)  compound.'-''-0  Relevant  bond 
distances  are  shown  m  rable  1.  One  example  each  of  an  oxidized  and 
reduced  complex  was  isolated  in  tre  solid  state. 

i)  Electrochemistry:  Table  II  contains  electrochemical  data  for  the 
startinq  materials,  generally  showing  five  one-electron  redox  processes 
(Fig. 2),  ne^r  (-1.4-1. 5  (!).  +0.«-1.2  (If),  +-0. 2-0.9  (III),  O-(-O.H)  (IV) 
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and  —  0.9— i— 1.5)  (V)  V  vs  SEE.  The  bull-,  solution  rest  potentials  tor  the 

starting  materials  lie  between  r edox  couples  i  L 1  I  )  ana  i  1 V i  .  Couples 
(II)  — (V)  -ire  usually  reversible  (but  see  'able  l  1  r  or  Petal  Is)  showing 
i;/i.  =  i,  i  a  —  ana  yea*  to  pea-  ssoaraticins  m  tr.e  cvc  lie 
vo  1  t  a  mmog  r  am  t.  tor  reversible  species’  a car eac r i eg  ,-u  mv  at  slow  scan 
rates  (30  mV  s  _  -“-  )  .  (tie  oxidation  process  i'  i  ?  invariably  irreversible. 
The  oxidized  species  [Hu( bpy ) ( DTHDiox )=]C10a  (2,01) ,  in  hulk  solution, 

gives  similar  voltammetrv  (the  same  redox  couple  potentials)  to  the 
starting  material  in  DCE ,  cut  has  a  oitrerent  mst  potential.  The 
revers l b l 1 l tv  ot  most  or  tne  couples  is  an  indication  tnat  structural 
changes  such  as  a l mer i z a t ion  or  1 inana  less  are  not  taking  pi  ace  on  the 
time  scale  of  tne  experiment. 

ii)  Nuclear  magnetic  resonance  spectra:  The  starting  materials  all  give 

sharp  ana  unshifted  NMR  spectra,  implying  the  -iDsence  of  paramaanetic 
species  in  the  soluticn5,'“*_4i’  For  the  (necessarily  cis) 

Ru ( bpy ) ( DTEDiox ) =  ( 1 . S )  there  are  three  possible  structural  isomers 
depending  upon  the  relative  positions  of  the  t-butyl  groups  on  the  two 
dioxolene  ligands.  These  three  isomers  give  rise  to  eight  possible 
t-butyl  resonances.  In  fact  seven  may  be  observed  using  a  207.  CDC 1  -  in 
C«,D&  solvent  mixture,  snowing  that  -ill  three  isomers  are  present  in 
solution,  ana  tnat  ‘mere  ;s  an  accidental  cegeneracv  or  two  resonances. 

iii)  (iugnotic  susceptibility  i:i(.Msiin?im>n('.:  be  3  l  species 

C  nu  (  bpv  )  i  !  1  Hij  i  ox  )  -  j  C  1  0.x  i  j  ,(11.  has  one  >  .np  a  ir«n  electron.  roi.>.;uie  and  a 
Curie— Weis  a  clorjonrience  cr  the  magnetic  ",imc.?r'titn  1  itv  3  >3.329/(1  + 

4.78) ,  9  -  0.999,  32  points).  I ne  room  temperature  i 295  k  i  moment  is 
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rtl  thauijh  tneir  solutions  appear  diamagnetic  from  the  NMR  data,  the 
solid  starting  materials,  S,  have  moments  of  the  order  of  1  BM/molecule 
or  less  at  room  temperature,  consistent  with  Temperature  independent 
paramaqnetism. 

iv)  Electron  spin  resonance  spectra:  The  starting  materials,  ( 1 . S )  and 

( 2 . S ) ,  are  ESR-silent  at  room  temperature  (solid  or  solution)  and  at  77 
K  in  frozen  DCE .  In  the  solid  state  at  77  K  very  weak  signals  can  be 
detected  at  g  =  2;  these  are  believed  to  be  due  to  trace  amounts  of  a 
free  radical  impurity  since  stronger  signals  are  observed  in  samples 
which  have  not  been  purified  by  gel  filtration.  The  R1  and  01  species 
yield  rather  broad  signals  very  close  to  g  =  2  in  solution  at  room 
temperature,  but  at  77  K  in  the  solid  state,  or  in  frozen  DCB  solution, 
sharp,  free  rad ic a  1  - 1 i k e ,  axial  or  slightly  rhombic  signals  are  observed 
(Fiq.3,  Table  III).  For  the  oxidized  species,  01,  g ^  >  g^  ,  while  the 

reverse  is  true  for  the  reduced  species;  the  difference  between  g ^  and 
g^  is  . 2  for  R1  and  ^0.04  for  01. 

The  e 1 ec troc hemica 1 1 y  generated  R2  species  are  ESR-silent  at  room 
temperature  and  at  77  K.  Solutions  of  02  are  unstable. 

v)  Fourier  transform  infrared  spectra:  The  principal  FTIR  absorption 
bands  are  given  in  table  IV.  None  of  the  starting  materials  show 
features  typical  ol  either  catechol  or  semiqumone  coordination.  The 
spectra  of  all  the  S  species  (including  the  cis-  and  trans-R~py 
analogues)-4-  are  dominated  bv  a  strong  absorption  in  the  region  1100  - 
1200  cm-1  (Figure  4).  The  FTIR  spectrum  of  a  reduced  complex  (Figure  4) 
is  consistent  with  the  presence  of  a  catecholate  moiety,  but  that  of  an 
oxidized  species  (Fig. 4)  does  not  provide  clear  evidence  of  oxidation 
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state. 

vi  )  Photoelectron  spectra:  Data  for  the  Ru(3d?/:;)  and  core  levels  of 
oxygen  and  nitrogen  are  shown  in  (able  V.  The  lowest  Ru(3d-.?/-)  binding 
energy  occurs  in  R1  and  the  hignest  in  01.  fhe  N(ls)  and  0( Is)  energies 
follow  roughly  the  same  trend,  but  with  smaller  differences. 

vii)  Electronic  spectra:  Table  VI  contains  electronic  spec troscopic  data 
for  the  starting  materials  and  a  selection  of  their  oxidation  and 
reduction  products.  Clean  reactions  with  isosbestic  points  were 
generally  observed  in  these  redox  processes.  The  electronic  spectra  of 
02,  01,  S,  R1  and  R2  are  shown  tor  the  (  1_)  redox  series  in  Figure  5.  In 
general,  all  members  of  a  given  oxidation  label .  i.e.  01,  Rl,  etc.,  have 
very  similar  shaped  spectra.  Many  of  the  absorption  bands  show 
significant  dependence  upon  the  dioxolene  substituent.  Spectra  of 
representative  comp  1  exes  in  the  so  lid  state  (in  nujol  mulls)  are  similar 
to  the  cor respond ing  solution  spectra.  The  S  series  is  remarkable  in  the 
very  intense  near  IR  absorption,  absent  from  all  other  oxidation  states, 
but  present  in  the  mono-sem iqu inone  ruthenium  species.4  Resonance  Raman 
spectra  of  three  compounds  were  obtained  in  order  to  clarify  the 
assignments  of  the  spectra  (see  Table  VII).  Full  details  of  these  will 
appear  elsewhere. 47 

I)  l  scuss  ion 

In  the  previous  dioxolene  literature,  mixed  valence  compounds  have 
generally  been  interpreted  in  terms  of  localized  structures.  11  • 
Moreover ,  in  Co ( bpy  )  ( DTBSa )  ( D FBCa t )  and  Mn ( py ) - ( DTBSq ) =  discontinuous 
changes  in  formal  oxidation  state  have  been  observed  with  change  of 
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c)  [  Ru  (  I V  )  (  bpy  )  (  c-q  )  -  J 

We  consider  first  the  oxidation  state  information  which  may  be  derived 
from  the  various  techniques. 

All  the  redox  potentials  depend  aiqnif icantly  upon  the  substituents 
in  the  dioxolene  ring.  Upon  replacement  of  DTBCat  by  TCICat  the 
potentials  shift  0.36,  0.68,  0.82  and  0.58  V  for  couples  (II)  throuqh 
(V)  respectively.  Similar  dependencies  are  seen  in  the  corresponding 
trans-4-t-buty  1  pyridine  data  set,'*-  except  tor  couple  (V)  whose 
dependence  essentially  disappears.  A  large  dependence  may  imply  a  redox 
process  which  is  localized  on  the  dioxolene  ligands,  while  a  small  or 
zero  dependence  indicates  a  redox  process  on  the  metal  ion.49  In  the 
Ru ( bpy ) 3 ( d iox )  and  Ru ( py ) ^ ( d i ox )  series,  the  shifts  in  both  redox 
processes  involving  the  dioxolene  ligands  were  about  0.5  V  when  TClDiox 
replaced  DTBDiox.*4  Differences  of  about  0.7  V  are  observed  for  both  the 
free  ligands  reductions  (q/sq.  and  sq/cat)  when  comparing  TClDiox  and 
DTBDiox,0  and  larger  differences  (0.7  -  1.2  0)  occur  in  the  complexes11 
Cr(III)(bpy)(sq)(cat)  and'9  [Cr(  III  Meat)  -  ]3~. 

With  regard  to  ESR  spectra,  we  are  concerned  with  distinguishing  a 
Ru ( I  1 1 )  centre  from  a  Ru (  I  I )  centre  bound  to  a  free  radical.  Low  spin 
Ru ( I  I  I  )  ( t-o ) *  species  exhibit  ESR  spectra  which  are  usually  highly 
anisotropic  with  axial  or  rhombic  symmetry . so  For  example, 
[Ru(  I  I  I  )  (NH-.  )a(cat)  ]  '  cations  give  axial  spectra  with  g  ||  =  v  l  .  V  and  qj_ 

-  '"2 .7.'*"*  Lin  the  other  hand  a  radical  hound  to  Ru  v  II)  will  exhibit  a 
narrow  signal  close  to  g  =  .  Nevertheless,  in  certain  reduced 
[Ru  (  bpy  )  -J  1  -~r’  ’  -  species,  1  igand  -  1  oca  1  i  zed  electrons  show  slightly 
anisotropic  signals  with  y |j  <  q^  and  differences  of  up  to  '“'0.04  between 
the  q  values.-’1  Ruthenium  pnospnine  semiquinone  comp  1  exes  also 


4/7/88  — JA880381 0-10-5—38 - 14- 


with  g  jj  v  cj^  ,  have  similar  anisotropy  ( g  ^  =  2.00,  g^  =2.02).  The 
[Ru ( bpy ) - ( DTBSq ) ] *  cation4  shows  slight  anisotropy,  q^  >  g^  ,  similar 
the  01  species. 

The  IR  spectra  of  dioxolene  complexes  can  normally  be  used  without 
ambiguity  to  define  the  oxidation  state  of  the  dioxolene 

ligana.la,‘ta,,4''::',a  The  C-U  frequency  is  particularly  c  harac  ter  istic  and 
gives  rise  to  relatively  intense  absorption  at:14_19,44”S4"37 

Coordinated  quinones  C=0  1600-1675  cm'1 

semiquinor.es  C-G  1400-1500 

catechols  C-0  1250,  1480  (ring  breathing) 

The  strong  band  observed  near  11 50  cm-1  in  the  S  series  complexes  has 
almost  no  precedent  in  the  literature.  Strong  bands  in  this  region  have 
been  reported  in  only  one  other  case,  a  series  of  4-coordinate 

copper(II)  complexes  of  DTBSq  with  ni trogen-doncr  co-liaands.52  These 
complexes  show  one  or  two  strong  bands  between  1110  and  1160  cm-1,  which 
were  not  assigned,  and  there  are  no  strong  features  in  the  1450  cm*1 
region  where  typical  semiquinone  absorptions  occur. 

Using  RES,  inner  shell  binding  energies  of  metals  in  complexes  may 
be  used  (with  caution)  to  infer  the  oxidation  state  of  the  metal . sa* 

Typically,  the  binding  energy  increases  by  about  1  eV  per  unit  increase 

in  oxidation  state  regardless  of  the  charge  on  the  metal .?Sb  There  are 
exceptions,  however,  particularly  where  u-bondinn  ligands  are  present. 
Comparisons  are  best  made  within  a  series  of  complexes  having  similar 
ligands.  The  Id?/;  binding  energies  Tor  Uu ill)  and  Ru i  I  I  I  >  normally  lie 
in  the  ranges  280-282  and  282-283  eO  resp“Ctiveiy,-'“‘sa  thouqh  a 
binuclear-  species  formally  containing  both  Ru  (  I  I  I  )  and  Ru  (  I V )  shows  only 
one  peak  at  282.9  eV  ,  '-'9"  and  an  (  N-methy  1  pyra;  in  i  urn  )  ruthen  lum 
pen  taamrn  i  ne  complex  which  formally  cent-, ins  Ru  (  I  1  )  has  a  binding  energy 
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of  202.2  eV ,  in  the  Ru(lII)  range.-*  The  nitrogen  Is  binding  energy  is 
known  to  be  sensitive3^  to  variation  in  charge  on  the  atom  to  which  it 
is  bound.  However,  the  variation  m  N(ls)  energies  in  this  series  of 
complexes  is  too  smalL  to  draw  any  conclusions. 

Following  the  discussion  or  electronic  spectra  presented 
previously,"4  one  may  observe  metai  to  ligand  charge  transfer  (lvILCT)  from 
Ru(dn)  to  acceptor  orbitals  on  bpy,  sq  or  q,  and/or  ligand  to  metal 
charge  transfer  (LMCT)  from  cat,  sq ,  or  bpy  to  Ru(III),  internal 
semiquinone,  and  interliqand  charqe  transfer  vlLCT)  transitions,  all  of 
which  might  occur  in  the  visible  reqion.  The  charqe  transfer 
transitions  will  have  energies  depending  on  the  oxidation  state  of 
ruthenium  and  the  dioxolene  ligand,  and  snould  depend  in  a  predictable 
manner  on  the  dioxolene  substituents.  The  weaker  ligand  field 
transitions  are  likely  to  be  obscured  in  these  systems. 

Catecholate  derivatives  of  difficult  to  reduce  metal  ions  show  no 
visible  absorption  other  than  d-d  ; *  *~  •**•'•* 1  e.q  .  [M(  I  I  )  (cat  ):J=" 
( M=Co , Ni , Cu ) .  However,  catecholate  complexes  ot  a  reducible  metal 
should  show  LMCT  transitions.  For  example,  complexes  of  iron(III), 
cerium(IV)  and  higher  oxidation  states  of  molybdenum  and  manganese  show 
moderately  intense  (2000-5000  L  mcl-1  cm-1)  visible  region  transitions 
attributable  to  LMCT These  might  also  be  observed,  shifted 
to  the  blue,  in  a  semiquinone  bound  to  a  reducible  metal  ion. 

The  internal  transition  coserved  in  the  visible  region  in  free 
sem lqu inones  may  also  be  observed  as  a  weak  absorption  (s  ca.  800  -  5000 
L  mol  cm'1  i  in  semiquinone  metal  complexes,  shifted  a  little  from  its 
free  1  igarid  position;  e.y.  [)  TOSq  -  6-/0  nm  ( 8U0  )  ,  Zn  (  I  I  )  (  D  TBSq  )  740  nm 
(  V0O  LCo(  tr  len  )  (  DT  USq  )  J-~  512  no  (1200)*“,  and  M  (  L  l  )  (  U  TBSq  )  ~  (  bpy  ) 
(  M=Mn  ,  Co  .  M  i  )  ca.  //0  nm  (  2 /«.>')).  L  ~  A  band  similar  in  energy  and 
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mtensi  tv  (  c  a  .  /GO  nm  ( 2500 ) )  is  seen11  in  [  Cr  (  I  I  1  )  (  DTBSq  )  =  (  bpy  )  ]  ■*" ,  but 
in  this  case  there  is  also  a  more  intense  transition  near  500  nm  (7400). 
A  similar  transition  (similar  band  envelope),  with  a  molar  absorption 
coefficient  of  almost  20,000  L  mol*1  cr1,  is  observed  in 
Cr  (  I  I  I  )  (  DTBSq  )  3 . 1 1  •  It  is  unlikely  that  Cr(III)  would  exhibit  such  a 
low  energy  LMCT  transition,  particularly  as  there  is  no  such  band  in1-"* 
[Cr  (  DTBCa  t )  -  ]  r'~  ,  so  this  transition  probably  also  involves  only  the 
semiquinone  ligands. 

Complexes  containing  both  a  sq  and  a  cat  residue  sometimes  exhibit 
a  broad ,  relatively  weak  (ca.  3000  L  mol-1  cm-1-)  transition  in  the  red 
or  near  infrared  ( N I R )  region  which  has  been  attributed  to  an 
intervalence  ( in  ter  1 igand )  transition.1*-44 

Five  orbital  model: 

The  electronic  structure,  spectra.  magnetism  and  ESR  of  these 
species  can  be  understood  by  using  a  simple,  qualitative  M0  model 
constructed  from  the  three  4d  (  t=a  in  □,-,)  ruthenium  orbitals  and  the 
frontier  ti  (3bx  in  C  =  v  using  the  Gordon  and  Fenske  nomenclature6^) 
orbitals  of  the  dioxolene  liqands.  We  refer  to  this  below  as  the  five 
orbital  model.  From  electrochemical  data,  it  is  evident  that  the 
bipyridine  LUM0  nA *  is  sufficiently  high  in  energy,70  and  the  dioxolene 
oxygen  lone  pa.rs  la;  +  br,  iri  dioxolene  plane)  are  sufficiently  low 
(and  have  little  overlap;,  that  they  are  not  considered  to  play  a  major 
role  in  influencing  the  oxidation  states  or  metal  and  liqands.  They 
are,  however,  relevant  to  the  electronic  spectra. 

In  the  ^maximum)  C~  symmetry  of  these  species,  the  two  ligand 
n(3bi)  orbitals  combine  to  yield  (a  +  b)  and  the  three  d  orbitals 
transform  as  (a  +  2b).  Une  ligand  combination  will  couple  to  two  d 
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orbitals,  and  the  other  tc  only  one,  resulting  in  a  pronounced  splittinq 
of  these  liqand  combinations.  The  three  d  orbitals  all  possess  some 
ligand  character  (and  vice  versa)  depending  upon  orbital  overlap  and  the 
relative  d  and  L  orbital  energies.  These  five  lvIGs  are  filled  with  ten 
electrons  in  R2 . 

All  five  orbitals  will  become  mere  stable  going  from  R2  to  02,  but 
those  which  are  primarily  metal  in  character  will  be  stabilized  more 
upon  oxidation  of  the  complex  than  those  which  are  primarily 
1  iqand  ,  **  *  ■  '7‘:’  because  or  the  greater  spatial  extent  of  the  ligand 
orbitals.  From  the  data  discussed  oe 1 ow ,  oxidation  ot  R2  involves 
oxidation  of  Ru  (  I  I  )  ,  at  least  to  some  degree;  thus  the  rutnemum  d(a,2b) 
orbitals  lie  at  comparaole  or  slightly  hiqner  energies  than  the  catechol 
(a,b)  combinations  in  R2.  To  be  consistent  with  all  the  experimental 
data,  proceeding  from  R2  to  U2  tnere  must  then  be  a  crossover  of  these 
orbitals  such  tnat  at  G2  the  ruthenium  d(a,2b)  orbita.s  lie  below  the 
ligand  combinations  ( =ee  Figure  o). 

In  the  crossover  region  there  will  be  extensive  mixing  of  the 
d ( a , 2b )  and  L ( a , b )  orbitals.  Placing  9,  8  and  7  electrons  into  these 
five  mixed  orbitals,  from  R1  to  U1 ,  yields,  from  experiment,  1,  0  and  1 
unpaired  electrons  respectively,  and  leaves  the  uppermost  level  of  the 
five  half-full  in  R 1  and  empty  in  8  ana  01.  This  approach  is  validated 
in  the  trans-l<u(lt-p'/)  =  (diox  )-  series-1-  where  two  of  the  three  d  orbitals 
are  unmixed  because  ot  the  higher  symmetry  (L)-,-. ).  It  is  evident  that  one 
of  these  d  oroitals  is  uppermost  in  the  f  Ru  (  3-0 1  py  )  -  (  D  TilOa  t )  -  ]  “  R1 
species  which  is  exclusively  Pu ( 1 l 1 ) ,  as  indicated  by  its  typical 
rhomaic  EGR  spec  trum . -1- 

The  effective  oxidation  state  of  the  metal  is  determined  by  the 
total  number  of  electrons  •_  n  each  l-H.)  scaled  by  the  d  orbital 


4/7/88  — JABBOSSlO-lO-b-SB - 18- 


contri bution  to  that  11  0 .  Similarly  the  average  effective  oxidation  state 
of  tiie  pair  at  aioxoiene  ligands  is  determined  by  tne  total  scaled 
occupancy  or  ail  orbitals  having  a  contribution  from  the  dioxolene 
ligands.  Since  the  uppermost  (of  the  five)  orbital  in  R1  contains  one 
unpaired  electron,  and  this  orbital  is  mixed  Ru ( d )  and  L,  then  an 
electron  count  must  lead  to  the  conclusion  that  the  central  ion  in  R1  is 
between  Ru ( 1 1  )  and  Ru (  1  I  I )  ,  shifting  to  the  latter  as  this  orbital 
approaches  a  pure  Ru ( d )  orbital.  Similar  arguments  can  be  applied  to 
the  other  members  of  the  redox  series.  On  passing  from  R1  to  02  the 
upper  orbitals  will  contain  an  increasing  proportion  of  L(a,b)  so  that 
the  more  oxidized  species  will  approximate  more  closely  to 
ruthenium (II). 


Using  the  five 

orbi ta 1 

model  , 

the 

struc  tura 1 

and  electronic 

iden t i f ica t ion  of  the 

var ious 

members 

of 

the  redox 

series  can  be 

approached.  Since  this  qualitative  moael  does  not  indicate  the  ordering 
within  the  group  of  metal  or  ligand  orbitals  per  se ,  for  the  purpose  of 
assigning  electronic  transitions  the  general  labels,  Ru(dn)  and 
diox(3bx),  are  used  to  designate  orbitals  of  mainly  metal  and  mainly 
dioxolene  (3bi)  origin  respectively  (see  Table  VIII  and  discussion 
be  1 ow  )  . 

Electronic  structural  assignments: 

Spec  los  R2  :  These  hiahl.y  a  l  r -sen  s  l  1 1  ve  compounds  were  riot  isolated  from 
solution;  they  are  c  liar  ac  ter  l  r  cd  by  their  electronic  spectra  and  redox 
potentials.  Referring  to  the  possible  electronic  structures  described 
above,  reduction  of  the  bipyridine  ligann  (H7,d)  can  be  eliminated  with 
three  arguments,  a)  the  potential  (V)  is  insufficiently  negative,7''-'’  b) 
t he  pyridine  series'1-  have  the  R1/R2  couple  m  the  ^ame  region,  c)  there 
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are  no  low  lying  adsorption  bands  typical  ot  a  bpy  ion.  ■’1  Thus  R2 
complexes  are  regarded  as  [.Hu  (  I  1  )  (  bpy  )  ( cat ) • 

There  snould  be  no  low  energy  charge  transfer  between  metal  and 

catechoL.  A  Low  energy  Ru(drt) - >bpy(rci*)  is  expected,  and  possibly  a 

low  energy  ILCT  transition  from  c  a  tec  ho  1  a  to  (3bi) - >  bpy  (  n  i-*  )  .  The 

overall  band  envelope  looks  very  similar  to  that  in  Ku ( I  I ) ( bpy )  =  ( DTQCa t ) 
< 5 ,  HI )  ,  and  the  broad  absorption  at  700-900nm  is  similarly  assigned  to 

both  Ru(dn) - >bpy(nl*)  and  cat(3bi) - > bpy ( n i *  )  .  The  bpy  complex  shows 

a  band  near  500  nm  which  is  absent  from  the  trans-R-py  series  and  may 

contain  Ru(dir) - >  bpy  (  n  =  *  )  .  Both  these  Ru(ou) - >bpy(Tt*)  MLCT 

transitions  lie  lower  in  energy  than  in  ( b . R1 )  as  expected  on 

replacement  of  a  bpy  by  DTBCat. 

Spec ies  R1 :  The  uppermost  of  the  five  orbitals  discussed  above  will 
contain  one  unpaired  electron.  Visible  region  electronic  transitions, 
other  than  those  to  bipyridine,  will  probably  terminate  on  this  orbital. 
Since  these  transitions  shift  to  the  blue  with  increasing  acceptor 
character  of  the  dioxolene  ligand  (Table  VI),  i.e.  behave  as  LMCT 
trans i t ions , the  inference  is  that  the  uppermost  orbital  has 
significant  d  character.  On  this  evidence,  R1  must  have  a  major 
contribution  from  TRu (III)(bpy)(cat)^]~. 

The  Ru(3d.,/~)  PES  core  energy  (Table  V)  appears  consistent  with  the 
presence  of  Ru (  I  1  )  .  However,  the  PES  data  do  not  exclude  Ru(III)  since 
the  trans-LRu  l  7>-U  py  )  -  (  L)  TUEa  t )  =  ]  ~  PI  species,  which,  from  ESP  evidence, 
undoubtedly  contains  Ru  (  I  I  I  )  ,  has  a  binding  energy  or  281.4  eV,-*~  within 
the  Ru (  I  1  )  range,  the  cur"  energy  probably  being  depressed  because  of 
the  inductive  effect  of  the  DTBCat  ligands.  The  ESR  spectra  ot  ( 1 . H 1 ) 
and  (2,R1)  (Table  III)  give  q  values  very  close  to  the  free  radical 
value  if  2,  but  their  axial  symmetry  a  t  low  t  omper  a  cure  suggests  a 
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significant  contribution  from  Ru ( I  I  I  )  .  The  FT  I  If  data  are  inconclusive, 
showing  a  typical  catechol  v(C-Q)  around  1250  cm'1,  and  a  strong  band  at 
1415  or1  (Table  IV)  which  could  be  either  the  expected  catechol  ring 
stretching  mode,  occurnnq  at  a  similar  frequency  to  that  in  the 
Ru ( bpy ) = ( ca t )  series,  or  the  v(C-O)  of  a  coordinated  semiquinone.  The 
latter  could  only  occur  in  a  localized  (Class  I'””)  mixed  valence  system, 
[Ru (II) (bpy) (so) (cat) since  in  a  delocalized  (class  Ilia)  system  an 
average  of  sq  and  cat  v(C-O)  frequencies  would  be  expected.  Localized 
configurations  are  excluded  by  the  five  orbital  model. 

Finally,  the  substituent  dependence  of  the  R1/R2  couple  (V)  (Table 
II)  is  too  small  to  be  associated  with  a  purely  sq/cat  redox  process, 
and  too  large  for  a  Ru  (  I  1 1  ) /Ru  (  1 1  )  couple.  Thus  this  redox  process".: 
probably  involves  both  metal  and  ligand.  ... 

/'  V' 

The  electronic  spectrum  of  R1  is  most  easily  interpreted  on  the  , 
basis  of  the  formula  [Ru  ( 1 1  I  )  (  bpy )  ( cat )  ~ .  The  strong  band  at  around  ... 

700  nm  is  assigned  primarily  as  cat(3bx  ) - >Ru  (  I  I  I  )  ( t^o 21 )  LhlCT.  A  CT 

band,  which  can  only  be  cat >Ru(III),  is  observed  in  a  similar 


position  in  [  Ru  (  I  I  I  )  ( NH3 )  ( Cat )  ] ' 


The  broad,  lower  energy  band  is 


probably  cat(3bi) >bpy(Tii*);  this  is  also  expected  to  blue  shift  as 

the  catechol  becomes  a  better  electron  acceptor.  If  the  Ri  species  were 


deemed  to  exist  purely  in  the 


form,  then  an 


intense  Ru  ( d  u  ) >sq(ub,_  )  transition,  analogous  to  those  in  S  and 

[  Ru  (  bpy  )  -  (  sq  )  J  ,  would  he  expected  to  occur  in  the  fvl  I  R  below  950  nm; 
such  a  transition  is  not  observed. 


Thus  the  data  can  be  explained  m  terms  of  an  effective  ruthenium 
oxidation  state  between  Ru (  I  I )  and  Ru (  l I  I  )  ,  but  closer  to  Ru (  I  I  I  )  .  In 
valence  bond  terminoloqy  Rl  is  predominantly  fllut  I  I  I  )  (bpy  )  (cat)g]~  but 
with  a  resonance  contribution  from  1.  Ru  (  I  l  )  (  bpy  )  (cat)  (  sq  . 


xxxxxxxtii^ 
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Sp_ec_ij?s _ S:  Since  tnese  species  are  diamagnetic  ,  the  separation  of  the 

liqand  a  and  b  combinations  must  be  great  enough  to  cause  spin  pairing 
in  the  lower  energy  combination.  The  uppermost  level  is  now  empty  ( LUMQ ) 
and  the  five  orbital  model  predicts  that  it  has  more  ligand  character 
(Figure  6)  than  in  Rl,  and  therefore  that  the  species  should  be.  closer 
to  Ru (  I  I )  in  character.  The  X-ray  structure  of  ( 2 , S ) shows  equivalent 
C-0  distances  (Table  I)  intermediate  between  those  expected  for  sq  and 
cat  ligands.117  Moreover  the  small  thermal  ellipsoids,  elongated  away 
from  the  C-0  bond  axes,  indicate  that  the  X-ray  structure  is  not 
disordered.  Evidently  the  dioxolene  ligands  are  equivalent  and 
intermediate  between  the  catecholate  and  semiquinone  forms.  The  PES  data 
(Table  V)  for  ( 1 . S )  and  ( 2 . S )  are  indicative  of  Ru ( 1 1 ) ,  though  ( 2.S)  has 
a  higher  binding  energy,  probably  reflecting  the  less  basic  dioxolene 
1  igands . 

The  FT  I R  spectra  (Table  IV)  are  difficult  to  interpret.  As  the  bond 
lengths  in  ( 2 . S )  are  midway  between  those  of  catechol  and  semiquinone 
the  C-0  stretch  would  be  expected  (naively)  to  lie  between  1250  and  1450 
cm-1.  Species  ( 2 , S )  shows  a  strong  band  in  this  region,  at  1414  cm-1, 
but  the  other  complexes  do  not.  The  strongest  bands  in  the  spectra 
(1100-1200  cm'1  region)  are  too  iow  in  frequency  for  a  simple  assignment 
as  v(C-0),  since  this  would  imply  (taking  a  simplified  view)  a  C-0  bond 
weaker  than  the  smqle  C-0  bond  ot  a  coordinated  catechol.  However,  the 
recent  observation  or  similar  nanus  in  copper (II)  semiquinone 
complexes-'-  suggests  that;  at  least  or.e  liqand  approximates  to  a 
semiquinone.  I  lie  unusual  r  I  IK  spectra  probably  result  from  the  low 
symmetry  of  these  molecules  ana  the  extensive  coupling  expected  between 
the  various  vibrational  modes  of  the  1  igandt,:'J  and  between  the  three 
ligands  via  the  ruthenium. 


mvm 


The  electronic  spectra  are  typified  by  a  stronq  band  in  the  NIR 
(see  Figure  5),  with  a  well  defined  lower  energy  shoulder  or  peak.  Both 
the  high  intensity  and  narrow  width  of  the  NIR  band  are  inconsistent 

with  this  absorption  being  due  to  intervalence  (cat - >sq) 

transitions,16’44  The  peak  is  very  similar  to  NIR  absorption  in  the 


spectrum  of 

C Ru (  II  ) ( bpy )  =  ( DTBSq ) J- 

(  5*S.)  , 4 

and 

is  simi larly 

assigned  to 

Ru  (du) - >sq  (  3b 

1).  Accordingly, 

there 

is 

a  sma  1  1  red 

shift  upon 

rep  1 acemen  t 

of 

DTBSg  by  TCISq 

( Table 

VI  ) 

.  In  the  C- 

symmetry, 

transitions 

to 

L ( a , b )  f  ram  all 

three 

d 

orbitals  are 

all  owed ,  and 

therefore  the  two  components  of  the  NIR  band  probably  reflect  the  d 
orbital  splitting. 

In  the  visible  region  there  is  a  strong  band  near  600nm  and  a 
weaker  shoulder  or  peak  near  500nm.  Ru(II)-bpy  complexes  show  a 

Ru(dn) - >bpy(ni4‘)  transition  with  a  molar  absorption  coefficient  of 

approx imate  1  y  4000  L  mol"1  cm"1  per  bpy  ligand,'7*  thus  the  600  nm  band 
is  too  strong  to  be  so  assigned,  whereas  the  weaker  band  has 
approximately  the  expected  intensity.  In  the  rR  spectrum  of  ( 1 ,S)  bpy 
vibrations  are  enhanced  when  irradiating  into  the  weaker  band  near  500 
nm  (and  similarly  for  the  450  nm  band  of  ( 3 ,S ) )  (Table  Oil).  The 
frequencies  agree  well  with  the  rR  spectrum  of  the  [  Ru  ( bpy )  .3  ] 
cation.74  The  weaker  visible  region  band  is  then  identified  as 

Ru(dn) - >bpylTii*),  an  assignment  supported  by  its  appearance  at  roughly 

the  expected  energy,  calculated  by  extrapolating  from  fRulbpy)-]"1  and 
[  Ru  (  bpy  )  -•  (  D  FBSq  )  J  -  .  This  transition  shifts  to  the  blue  when  DTBCat  is 
replaced  by  FClCat,  consistent  with  some  stabilisation  ot  the  ruthenium 
d  orbitals. 

There  remains  the  assignment  of  the  stronq  600  nm  band.  The  rR  data 
for  irradiation  at  570  nm  show  siqnif leant  enhancement  of  vigrations 
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which  can  be  assigned  to  Ru-0  stretching  modes  and  deformation  modes  of 
the  dioxolene  ligand.'17'  Thus  the  600  nm  band  is  associated  with  the 
dioxolene  rather  than  the  bipyridine  ligand.  This  conclusion  also 
follows  from  the  presence  of  a  similar  band  in  the  spectra  of  the 
c is- ( R-py ) -Ru ( d iox ) -  S  species.*3  Two  possible  assignments  can  be 
considered.  The  first  is  a  second  tiLCT  transition  similar  to  the  NIR 
band  (since  the  intensities  are  comparable)  arising  from  a  large 
splitting  of  the  d  ("t-.g")  orbitals.  Such  a  splitting  ("'’6000  cm-1)  is 
unlikely  as  there  is  no  bonding  mechanism  to  discriminate  between  the 
three  d  orbitals  to  such  an  extent. 


Alternatively,  the  transition  may  be  related  to  the  internal 

semiguinone,  n - >n* ,  transition  which  occurs  in  this  region  in  the  free 

ligand. AO  The  oxygen  lone  pair  orDital  combinations  span  (2a  +  2b)  and 

may  therefore  mix  with  the  ruthenium  d  orbitals;  the  relatively  high 

intensity  of  this  transition  and  the  rR  data  reguire  that  the  n >n* 

transition  have  some  n - >rc*  .  Ru-0  character.  This  assignment  is 

supported  by  the  small  blue  shift  that  occurs  on  replacement  of  DTBDiox 
by  TClDiox,  consistent  with  some  LMCT  character.  The  transition  is 
effectively  from  the  lone  pair  of  one  semiguinone  to  the  n*  of  the 

other,  the  latter  being  strongly  mixed  with  the  metal  orbitals.  This 

transition  is  never  observed  as  a  prominent  feature  in  the  spectra  of 
mono-semiquinone  metal  comp  1  exes* • * 3  or  in  the  trans- ( R-py ) -Ru ( diox ) =  S 
species*3  because  the  forbidden  character  (no  overlap  to  first  order)  of 

the  n - >n*  cannot  be  overcome  in  symmetry.  In  c is-bis-semiquinone 

species,  this  transition  is  strong  only  when  there  is  significant 
me ta 1 -sem lqu inane  mixing,  for  example  in  Cr (  I  I  I )  comp  1  exes . 1 x • A *  In  the 
absence  of  such  mixinq  (e.q.  in  complexes  of  Mn ,  Fe,  Co  and  Ni  • A<b  ■  ** )  , 
the  transition  remains  fairly  localized  and  hence  weak. 
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The  S  species  are  therefore  best  reqarded  as  Ru ( 1  I  ) ( bpy ) ( sq ) ^ ,  with 
significant  mixinq  of  metal  and  ligand  orbitals,  through  Ru-sq  n 
back-bonding,  causing  elongation  of  the  C-G  bonds.  Hie  R1  to  S  oxidation 
involves  conversion  of  two  mainly  catecholate  1 lqands  to  two  mainly 
semiquinone  liqands;  the  large  shift  in  the  potential  of  this  couple 
upon  replacement  of  DTBCat  by  TCICat  is  consistent  with  this  conclusion. 
Species  01:  The  upper  two  orbitals  should  now  be  mainly  ligand  in 
character,  and  contain  one  electron.  Thus  the  effective  oxidation  state 
lies  between  Ru ( I  I )  and  Ru ( 1  I  I ) ,  but  mucn  closer  to  the  former.  The 
formulation  [ Hu ( 1 1 ) ( bpy ) ( sq 1 ( a ) ] -  must,  in  this  model,  have  equivalent 
(delocalized)  dioxolene  ligands,  i.e.  a  class  III  mixed  valence 
spec ies . *  - 

The  PES  Ru(3dS/s)  binding  energy  lies  on  the  boundary  between 
"normal"  Ru (  I  1 )  and  Ru ( 1 1  I )  (Table  V).  The  FT IR  data  (Table  IV,  Figure 
4)  do  not  show  clearly  the  presence  of  either  quinone  or  semiquinone. 

The  magnetic  data  and  ESR  spectrum  (Table  III)  indicate  the  presence  of 

only  one  unpaired  electron  and  exclude  an  uncoupled  [Ru ( 1 1 1 ) ( bpy ) ( sq 
formulation.  The  ESR  spectrum  is  consistent  with  a  free  radical,  but 
with  a  very  small  g  anisotropy  which  is  the  opposite  of  that  typically 
observed  for  axial  Ru ( I  I  I ) 50  and  also  for  reduced  bpy  in 
[Ru  (  bpy  )  t.  J  <  =-r’  ’  *  ,  but  the  same  as  in  L  Ru  (  bpy  )  =  (  DTBSq  )  ]  -  .  **  The 

proportion  of  Ru ( I  I  I )  in  01  is  predicted,  by  the  rive  orbital  model,  to 

be  less  than  in  R1 ,  ana  this  is  confirmed  by  the  ESR  data  where  the  g 
anisotropy  is  considerably  smaller  in  01  tnan  in  Hi. 

The  electronic  spectra  (  Table  VI)  show  two  intense  bands  in  the 
visible  region,  near  720  and  545  nm .  Both  shift  to  the  red  as  the  ligand 
becomes  more  electron  withdrawing,  consistent  with  NLCT ,  confirming  that 
the  LUIfU  is  now  mainly  1  iqanrl  in  character.  These  two  bands  are 
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compdrable  in  intensity  and  in  energy  separation  with  the  strong  NIR  and 
visible  region  bands  in  the  S  complexes,  which  suggests  that  they  may 
have  similar  assignments.  As  in  the  S  series,  the  higher  energy  band  is 
present  only  very  weakly  (at  520-530  nm )  in  the  trans-pyridine  01 
series,  but  more  strong  ly  in  the  cis-pyndine  series.-*-  This  e-vidence 
supports  the  formulation  [  Ru  (  1 1  )  (  bpy )  ( sq  )  ( q  )  1  *~ . 

RR  spectra  (Table  Oil)  in  the  visible  region  show  enhancement  of 
mainly  low  enerqy  modes,  correspond ing  to  dioxolene  deformations  and 
V(Ru-Q).-v?  Data  have  not  been  obtained  tor  direct  excitation  into  the 
720  nm  band,  but  it  appears  (from  excitation  at  620  nm  into  the  tail  of 
this  band)  that  the  same  frequencies  are  enhanced  in  both  transitions. 
This  precludes  assignment  of  the  transitions  as  localized 

Ru(dn) - >q(3bi)  and  Ru(dir) - >sq(5bi),  but  it  is  consistent  with 

assignments  similar  to  those  given  above  for  S  (see  fable  VIII).  An 
additional  transition  is  also  expected  from  Ru(tin)  to  the  partly 
occupied  lower  ligand  combination  orbital.  This  may  account  for  the 
absorption  between  the  two  peaks  in  the  visible  region.  The  band  at  400 

nm  almost  certainly  involves  Ru(dn) - >bpy(ni*),  shifted  to  higher 

energy  from  the  S  species  due  to  stabilization  of  the  Ru  d  orbitals. 
Species  Q2 :  The  trends  discussed  above  and  the  five  orbital  model 

predict  that  02  will  be  |.  Ru  (  1  I  )  (  bpy  )  (  q  )  ^  J  .  but  there  are  insufficient 
data  available  to  confirm  this. 


Summary  and  Conclusions 

The  electronic  structures  or  the  various  species  may  be  represented 


as : 


R2 


[  Ru  (  l  I  )  (  bpy ) ( c a  t ) - J -  ' 
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Ri  [Rut  I  I  I ) ( bpy ) ( cat ) = J_  <  —  >  LRu (  I  I  ) ( bpy )  ( cat )  ( sq ) ]- 
S  Rut  I  I )  ( bpy) (sq) :  <  —  >  Rut  III)  (bpv)  (cat)  (sq  ) 

01  [Hu  (  1  I  )  t  bpy  )  (  sq  )  (  q  )  j  ~  <  —  >  L  Ru  (  I  I  1  )  (  bpy  )  (  sq  )  -  J  *" 

02  [Rut  II)  (bpy) (q>  =  ]  =  - 

with  the  first  cited  species  being  dominant,  and  with  extensive  overlap 
between  the  ruthenium  d  orbitals  and  dioxolene  frontier  orbitals,  i.e. 
extensively  delocalized.  There  has  been  no  substantial  evidence 
previously  for  delocalization  to  this  extent  in  dioxolene  complexes;3 
these  data  therefore  represent  the  first  such  detailed  evidence  for  this 
behaviour . 

The  various  techniques  undertaken  here  all  provide  a  measure  of  the 
effective  oxidation  state  but  there  are  frequently  ambiguities  in 
interpretation .  RES  in  particular  was  not  as  useful  as  we  had  hoped 
since  it  measures  the  net  charge  folt  by  inner  electrons,  which  in  these 
complexes  strongly  reflects  the  basicity  of  the  ligands.  For  localized 
systems  FTIR  usually  provides  a  useful  guide  to  the  oxidation  state  of 
the  dioxolene  ligand.  In  delocalized  mixed-valence  systems  it  is 
potentially  useful  but  requires  full  analysis  of  the  spectra.  ESR  and 
electronic  spectra,  especially  when  supported  by  resonance  Raman 
spectroscopy,  provide  the  most  accurate  represen ta t ions .  A  more  detailed 
MO  analysis  of  the  various  members  of  these  redox  series  is  in  hand  and 
should  qive  further  clarification. 

Acknowledgments:  We  are  indebted  to  the  Natural  Science  and  Engineering 
Research  Council  (NSERC)  (Ottawa)  and  the  Office  of  Naval  Research 
(Washington)  for  financial  support,  and  to  J ohnson-Na t they  Ltd.  tor 
loans  of  ru  then  ium  (  I  I  I  )  chloi  ide.  Wo  also  thank  Professor  C.U.  Pierpunt 


4/7/88  — JA880 3810-10-5— 38 - 27- 


for  advance  information  on  the  crystal  structure  of  Ru ( bpy ) ( Diox ) - ,  and 
Professors  L.K.  Thompson  and  D.J.  Stufkens  for  the  maqnetism  and 
resonance  Raman  measurements  respective] y. 


References 

Current  addresses  a)  Dept,  of  Chemistry.  Mie  University,  Japan, 
b)  Dept,  of  Chemistry,  Yanqzhou  Teachers  College,  Jiangsu,  People's 
Republic  of  China,  c)  Dept,  of  Chemistry,  Slovak  Technical 
Institute,  Bratislava,  Czechoslovakia,  d)  Central  Research 
Labora tor les ,  Kaneqafuchi  Chemical  Industry  Co.  Ltd.,  Kobe  652, 

Japan  . 

(a)  McCleverty,  J.  A.  Proqr.  Inorq.Chem.  i960,  10.,  49. 

(b)  Schrauzer,  G.  N.  Acc  ts . Chem . Res .  1969,  2,  72. 

Pierpont,  C.  G.;  Buchanan,  R.  M.  Coord  .Chem  .Rev.  1981,  38.,  45. 

Haga,  M.;  Dodsworth,  E.  S.;  Lever,  A.  B.  P.  Inorq , Chem .  1986,  25 . 

447.  •- 

Boone,  S.  R.;  Pierpont,  C.  G.  Inorq  .  Chem .  1987,  26,  1769. 

Cass,  M .  E.;  Gordon,  N.  R.;  Pierpont,  C.  G.  Inorq ■ Chem .  1986,  25 . 

3962. 

Lynch,  M.  W.;  Buchanan,  R.  M .  ;  Pierpont,  C.  G.;  Hendrickson,  D.  N. 
Inorq . Chem .  1981,  20,  1038. 

Stallings,  M.  D.;  Morrison,  M .  M.;  Sawyer ,  D.  T.  I norq .Chem .  1981, 

20.  2655. 

Downs,  H.  H.;  Buchanan,  R.  M . ;  Pierpont,  C.  G.  Inorq , Chem .  1979, 

18,  1736. 

Bodini,  IT.  L.:  Copia,  G.;  Robinson,  R.;  Sawyer.  D.  T.  Inora.Chem. 
1983,  22,  126. 

Buchanan,  R .  hi.;  Ciaflin.  J.;  Pierpont,  C.  G. 


1552 . 


Kahn,  Anns,  IT.;  Reed  i  j  k  ,  J.;  Thompson,  J. 

26,  3557. 

Lynch,  iT .  W.;  Hendrickson,  D.  IT.;  Titzqerald, 


r  i  erpon  t 


maptnmw^nrrw  n  ¥■  v » w  m»nn»r«n«n»^»r 


J  .  Am . Chem . See .  1984,  106 ,  2041. 

14.  Sofen,  S.  R.;  Ware.  D.  C.;  Cooper,  S.  R.;  Raymond,  K.  N.  I norq . Chem . 
1979,  IB,  234. 

15.  Connelly,  N.  3.;  Manners,  I.;  Protheroe,  J.  R.  C.;  Whiteley,  M.  W. 
J.Chem.Soc.  Dalton  1904 ,  2713. 

16.  Lynch,  M.  W.;  Valentine,  M.;  Hendrickson,  D.  N.  J ■ Am . Chem . Soc .  1982, 

104.  6982 . 

17.  Magers,  K.  D.;  Smith,  C.  G.;  Sawyer,  D.  T.  I norq . Chem .  1980,  19 , 

492. 

18.  Griffith,  W.  P.;  Humphrey,  C.  A.;  Rainey,  T-A.  J.Chem.Soc.  Dalton, 
1986,  1125. 


19.  Buchanan,  R.  M.;  Kessel,  S.  L.;  Downs,  H.  H.;  Pierpont,  C.  G.; 

Hendrickson,  D.  N.  J . Am .Chem . Soc ,  1978,  100 .  7894. 

20.  Haga,  M.;  Dodsworth,  E.  S.;  Lever,  A.  B.  P.;  Boone,  S.  R.; 

Pierpont,  C.  G.  J . Am -Chem . Soc .  1986,  108 .  7413. 

21.  Jones,  S.  L.;  Chin,  D-H .  ;  Sawyer,  D.  T.  I  norq  ■  Chem .  1981,  20.,  4257. 

22.  Buchanan,  R.  M.;  Fitzgerald,  B.  J.;  Pierpont,  C.  G.  I norq .Chem . 

19/9,  18,  3439. 

23.  Lynch,  M.  W.;  Hendrickson,  D.  N.;  Fitzgerald,  B.  J.;  Pierpont,  C.  G. 

J. Am. Chem. Soc  ■  1981,  103.,  3961. 

24.  Larsen,  S.  K.;  Pierpont,  C.  G.;  Deliunno,  G.;  Dolcetti,  G.; 

I  norg  .  Chem  .  1986,  2_5,  4828. 

25.  Chin.  D-H.;  Sawyer,  D.  T.;  Schaefer,  W.  P.;  Simmons,  J.  1  nor q . Chem , 

1983,  22,  752. 

26.  Jones,  S.  t.;  Leon,  t. .  t.;  Sawyer,  D.  1.  I  norq  .  Chem .  1982,  21  . 

3692  . 


27.  deLeane,  L.  A.;  Pierpont,  C.  G.  J  .  Am .  Chem .  Soc  .  19B6,  i_0 8 ,  6393. 

28.  Harmalker,  S.;  Jones,  S.  E.;  Sawyer,  D.  T.  I  norq .  ChpiTla.  1*783,  22, 


29.  Galeffi,  B.;  Postal,  ii .  Nouv.J.Chim.  1984,  8,  481. 

30.  Bristow,  S.;  Encmark ,  J.  H.;  Garner ,  C.  D.;  Minelli,  M . : 

Morris,  G.  A.;  Ortega,  R.  B.  I  nor  q  .  C  hem .  1905,  24.,  4070. 


31  . 

Wi  1  shire ,  J . 

P. ; 

Sawyer ,  D 

.  T.  J  .  Ai,, .  Chem  .  Soc  . 

1978,  100 , 

3972. 

32. 

Thompson ,  J . 

S  .  ; 

Ca  1  abrese 

,  J.  C.  Inorq. Chem, 

1905,  24., 

3167  . 

33. 

Mu  lay  M.  P. ; 

Garge ,  P .  L . ; 

Padhye,  S.  B.;  Haltiwanger,  R. 

C.  ; 

deLearie,  L. 

A .  ; 

Pierpont , 

C.  G.  J. Chem. Soc. 

Chem . Commun . 

1987, 

34.  Magnuson  ,  R.H.;  Taube,  H.  J  .  Am .  Chem .  Soc  .  1975,  9 7_,  5129. 

35.  Creutz  ,  C.;  Chou,  M.  H.  Inorq  ,  Chem .  1987,  26,  2995. 

36.  Shepherd,  R.  £.;  Proctor,  A.;  Henderson,  W.  W.;  Myser,  T.  K. 
Inorq  .Chem.  1987,  26.,  2440. 

37.  (a)  Mann,  C.  K ;  Barnes,  K.  K.  "Electrochemical  Reactions  in 
Non-aqueous  Systems",  Marcel  Dekker,  New  York,  1970. 

(b)  Gritzner,  G.;  Kuta,  J.  Electrochim.Acta  1904,  29,  869. 

38.  Nevin,  W.  A.;  Lever,  A.  B.  P.  Anal .Chem.  1988,  60,  727. 

39.  Stufkens,  D.  J.;  Snoeck,  Th.  L.;  Lever,  A.  B.  P.  I norq . Chem .  198 

27,  953. 

40.  (a)  Krause,  R.  A.  Inorq  .Chim.Acta  1977,  22.,  209.  (b)  Anderson,  S 

Seddon ,  K.  R.  J  .Chem . Res .  1979,  74. 

41.  Handbook  of  Chemistry  and  Physics,  54th  Edition,  Ed.  R.  C.  Weast 
1973-74,  CRC  Press. 


42  . 

Lever , 

A.  B . 

P  .  ;  Auburn ,  f J  .  R 

.  ;  Dodsworth,  E.  S 

. ;  Hag a ,  M . 

;  Liu, 

Mev i n  , 

W  .  A  . 

,  to  be  submitted 

ror  publication. 

43  . 

Boone , 

S  .  R  . 

;  Pierpon  r. ,  C .  G . 

,  to  De  submit,  ted 

'or  publication. 

44  . 

Buc  ban  an  ,  R  . 

N  .  ;  Pierpon t ,  C . 

G.  J . Am . Chem . Soc . 

1980,  102., 

4951  . 

45. 

Ref . 23 

c  l  ted 

in  ref . t. 

46  . 

Pc?  i  i  , 

S  .  D  .  ; 

Sa 1  monsen ,  R .  B . 

:  Abe  1  1 o i ra ,  A  .  ;  C 

1  a  r  k  e  ,  M  .  J  . 

I nprq . Chem .  1904,  9  I ,  385. 

7.  Stufkens,  D.  J,;  Lover,  A.  B.  P.,  to  be  submitted  for  publication. 

8.  Bianchini,  C.;  Mas l  ,  D.;  Me a  1 1 i ,  C.;  Meli,  A.;  Martin l ,  G.; 

Laschi,  F.;  Zanollo,  P.  I norq , Chem .  1907,  26,  3685. 

9.  Vlcek,  A.  A.  Electrcchim.  Acta  1968,  13.,  1065. 

(a)  DeSimone,  R.  E.  J  .  Am .  Chem .  Soc  .  1973,  95.,  6238.  (b)  Sakaki ,  S.; 
Haqiwara,  N.;  Yanase,  Y.;  Ghyoshi,  A.  J . Phys . Chem .  1978,  82,  1917. 

(c)  Raynor,  J.  3.;  Jeliazkowa,  B.  G.  J. Chem. Soc.  Dalton  1982,  1185 

(d)  Hudson,  A.;  Kennedy,  M.  J.  J .Chem . Soc .  ( A )  1969,  1116. 

(e)  Lahiri,  G.  K.;  Bha ttac harya ,  S.;  Ghosh,  B.  K.;  Chakravorty ,  A. 
Inorq .Chem.  1907,  26,  4324. 

(a)  Motten,  A.  G.;  Hanck,  K.  W.;  DeArmond,  M.  K .  Chem .Phys. Lett. 
1901,  79.,  541.  (b)  Morris,  D.  E.;  Hanck,  K.  W.;  DeArmond,  M.  K. 

J . Am . Chem . Soc .  1983,  105 .  3032. 

Balch,  A.  L.  J  .  Am  ,  Chem  .  Soc  .  1973,  9_5,  2723. 

Girgis,  A.  Y.;  John,  Y.  S.;  Balch,  A.  L.  Inorq . Chem ■  1975,  14 . 

2327. 

Brown,  D.  G.  ;  Johnson,  W.  L.  Z  . Naturforsch.  1979,  34_B,  712. 

Wicklund,  P.  A.;  Brown,  D.  G.  Inorq . Chem .  19/6,  133,  396. 

Brown,  D.  6.;  Reinprecht,  J.  T.;  Vogel,  G.  C.  Inorq,  Nu  cl  . Chem . Lett 
1976,  12.,  399. 

Wilson,  H.  W.  Spue  t.  roc  ii  im  .  Ac  fa  1974,  30 A  .  214  1. 

(a)  Srivastava,  S.  '•  np_.  ipci:  , LP.f-.y_._  1906,  32,  4ol  .  ;b)  Feltham,  R.  D. 

Brant,  P.  J  .  Am .  Chem .  v,ac  ■  1902,  104. ,  6**1.  i  :  )  arant,  P.: 

Stephenson,  I.  A.  Inorq. u  am ...  1907,  26,  32.  (d)  Connor,  J.  A.; 

Meyer,  I.  J.;  Sullivan,  0.  P .  I  norq  .Chem i.  1979,  ^8,  1388. 

( e )  Weaver ,  f .  R . ;  Meyer ,  T .  J . ;  Adeyem i ,  S .  A . ;  Brown ,  G .  M . ; 

Ec  k  per  g  ,  R  .  P  .  :  Ha  1 1  i  e  l  d  ,  W  .  F  .  ;  .inhnson  .  2  .  C  .  :  Murray  ,  R  .  W  .  ; 


3039  . 


* 


Untureker  ,  D.  J  .  Am  .  L'  hem  .  Sac  .  19/5,  V_7 

59.  Perry,  W.  H.;  Schaaf,  T.  F.;  Jolly,  W.  L.  J  .  Ain .  Chem .  Sac  .  1975,  9  7  , 

4899  . 

60.  lsied,  S.  S.;  Kuo,  G.;  Raymond,  K.  N.  J . Am . Chem . Snc .  1976,  98 , 

1763. 

61.  Rohrscheid  ,  F.;  Balch,  A.  L.;  Holm,  R.  H.  I  norq  .  Chem .  1966,  5,  1542 

62.  Espinet,  P.;  Bailey,  P.  M.;  Haitlis,  P.  M.  J.Chem.Soc.  Dalton  1979, 
1542. 

63.  Sofen ,  S.  R.;  Cooper,  S.  R.;  Raymond,  K.  N.  I norq . Chem .  1979,  18 . 

1611  . 

64.  Charney,  L.  M .  ;  Fink  lea,  H.  0.;  Schultz,  F.  A.  I norq . Chem .  1982,  21_ 

549  . 

65.  Anderson,  B.  F.;  Buckingham,  D.  A.;  Robertson,  G.B.;  Webb,J. 

Hurray,  K.  S.;  Clark,  P.  E.  Na  ture  1976,  722. 

66.  Wilshire,  J.  P.;  Leon,  L.;  Bosserman ,  P.;  Sawyer,  D.  T. 

J .flm.Chem.5oc .  19/9,  101.  3379. 

67.  Hartman,  J.  R.;  Foxman,  B.  H.;  Cooper,  S.  R.  I norq . Chem .  1984,  23 . 

1381  . 

68.  Wick lund ,  P.  A.;  Beckman,  L.  S.;  Brown,  D.  G.  I norq . Chem .  1976,  1 5 . 

1996  . 

69.  Gordon,  0.  J.;  Fenske,  R.  F' .  Inorq  .Chem.  1982,  21_,  2907,  2916. 

70.  Dodsworth,  E.  S.:  Lever,  A.  B.  P.  Chem .  Phys .Let  c ■  1906,  124,  152. 

71.  Heatn,  G.  A  ;  Vellow.ees,  L.  J.;  Braterman,  p .  S.  J_._Chem .  Soc  . 

Chem  .Cemmyn  ._  198  l  ,  707  . 

72.  Lever,  A.  8.  P.  "Inorcanic  Electronic  Spectroscopy”,  Elsevier 
Science  Publishers,  New  York,  1984,  2nd  Edn  . 

73.  Robin,  H.  U.  ;  Day,  P.  Adv ..Jnorq.Chem , .Had  io_c_hem  ._  1967,  i_0,  248. 

7  4.  Da  i  1  it'qur  ,  P.  F‘ .  :  Nnoururf,  W.  H.  J  .  Am . C hem  . Goc .  19/9.  101_,  43^1. 


and  Angles  for 


Table  I:  A  selection  qt  Important  Bond  Distances 
Rutbpy  )  (Dicx  )-,  (  2^8)  -* 


Bond  distances  ($) 

Bond  anq i es 

(  °  ) 

Ru-0 ( 1  ) 

2 . 003 ( 4  ) 

0( 1 ) -Ru-0 ( 2 ) 

81.8(1) 

3 

c 

1 

o 

r-j 

1.977(3) 

0(2) -Ru-0 ( 3 ) 

94.9(1) 

Ru-0 ( 3 ) 

1.995(3) 

0(  1  )  -Ru-0 ( 3 ) 

88.0(1) 

Ru-0 ( 4 ) 

1.931(3) 

0(1)  -Ru-0 ( 4 ) 

91.9(1) 

Ru-N ( 1  ) 

2.042(3) 

0(2)  -Ru-0 ( 4 ) 

173. 1(1) 

Ru  -N ( 2 ) 

2.055(4) 

0(3) -Ru-0 ( 4 ) 

82.0(1) 

0(1) — C ( i ) 

1.316(5) 

0( 1 ) —Ru-N ( 2 ) 

173.2(1 ) 

0 ( 2 ) -C ( 2 ) 

1.326(6) 

0(3) -Ru-N ( 1 ) 

172.0(2) 

0(3) -C ( 7 ) 

1.322(4 ) 

N ( 1 ) -Ru-N ( 2 ) 

78.2(2) 

o 

-fc. 

n 

CD 

1.321(5) 

C ( 1 ) -C ( 2 ) 

1.424(6) 

C  (  7  )  -  C  (  8  ) 

1 .413(6) 

a)  R  =  0.042,  R„  =  0.053  for  2853  reflections.  See  Figure  1  for 

numbering  scheme. 

See  Refs.  5  and  20  for  X-ray  data  for  Ru ( 4— t-Bupy ) - ( DTBDiox ) - . 


Table  II:  Electrochemical  Data  for  Ru  (  bpy  )  (  d  1  ox  )  - 


1 , 2-Dich loroe thane ,  Ei/3  versus  SCE“* . 


d  iox 

I 

I  I 

I  I  I 

IV 

V 

DTBDiox 

+  1 . 55ir 

+  0.09 

+0 . 20 

-0.82 

-1 . 53qr 

Diox 

+1 . 40 i r 

+1 .Olqr 

+0 .37 

-0.53 

-1.35 

TCI Diox 

+i . 54ir 

+1 .25ir 

+  0.88 

-0.00 

-0.95 

Table  III:  hlectron  Spin  Resonance  Data 


Comp lex 

g  factors 

peak  to  peak  Conditions 

05) 

1  .HI 

[Ru(  bpy  )  (DTBUiox)-]  — 

2.0  76 

92 

DCE/RT 

1 .937  (  |,  ) 

35 

DCB/77  K 

2 . 100  (  ) 

2JU. 

Cp=Co[Ru (bpy) ( Diox ) ~ J 

1 . 934  ( jj  ) 

200 

solid/77  K 

2 . 109  ( 

1.01 

[Ru(bpy)  (DTBDiox)  =  j^'“ 

1.964 

210 

DCE/RT 

1 .9B5 

48 

CH=Cl=/77  K 

1.01 

LRu(bpy) ( DTBDiox )=]C1Q* 

1.984(j_) 

42 

solid/77  K 

Table?  IV:  Fourier  I  ransTorrp  Intrared  Spectra  -  Principal  Aosorption  Bands 


Comp  lex 


Cond 1 tions 


Principal  Bands* 
(cm"1) 


2.R1 

CpirCoCRul  bpy  )  (Diox)=] 

KBr 

Ru (bpy) (DTBDiox)~ 

KBr 

2,S 

Ru ( bpy ) ( Diox ) = 

KBr 

3,S 

Ru(bpy) (TClDiox)^ 

KUr 

1.01 

[Ru(bpy)  (  DTBDiox  )  =  j:'10» 

Nuj  o  1 

1091 , 1 


a)  Only  the  more  prominent  peaks  are  recorded  here.  Where  one  or  more 
peaks  clearly  dominate  the  spectrum,  they  are  underlined. 

b)  Hexaf 1 uorophospna te  salt. 

c)  Hexac h 1 orobu tad lene  mull. 

Perchlorate  absorption,  wnere  present,  is  not  reported. 


Table  V:  Photoelectron  emission  Data 


r 


''''ipWiB 

mm 


Comp  1  ex 


Binding  Energy*-0  (eV) 


Ru  (  3d ;.■*✓  =  ) 


□  (Is) 


N(  Is) 


2,R1 

CpxCotRu ( bpy ) (Diox)-] 

280 . 4 

—  c: 

399.6 

1_»S 

Ru  (bpyMDTBDiox);: 

280.8 

530.7(0.45) 

532.0(0.33) 

533.0(0.21 ) 

399.7(0.71  ) 

400.6(0.29) 

2jS 

Ru ( bpy ) (Diox)- 

281.3 

531 .8(0.52) 

532.4(0.31 ) 

533.8(0. 19  ) 

399.9 

iJU 

[Ru ( bpy ) (DTBDiox )=JC1Ga° 

282.0 

_ CO 

400.5 

5,8 

[Ru(Dpy)=(DrQ3q)]PF6 

280.8“ 

531.4 

399.6(0.44) 

400.9(0.56) 

a)  Maximum  error  is  ±0.3  eV. 

b)  Relative  intensities  in  parentheses. 

c)  Contamination  with  silicon  grease. 

d)  Perchlorate  ion  Cl(2p)  observed  at  207.5(0.64)  and  209.1(0.36) 

e)  Additional  signal  observed  at  281.8  ev1  believed  to  be 
differentidl  charging  problems.  This  complex  reported  in  ref. 


WVU'WW 


TVwU 


Table  VI:  tlfctrcnic  Spectroscopic  bala  tor  Hu(  bpy )  (diox )-  Redox  Series 
in  1,2-Dichlorobenzene;  A,„a:.  (nm )  (t(L  mol  _1  cm"1)  )“ 


!>' 


Spec les 

Co  1  or 

DTHDiox  (1) 

L)  l  o  x  (  2  ) 

1C  1  Diox  (3) 

R2 

red-brown 

865(2950) 

740(3150) 

750br (3500) 

570sh 

505sh 

490(8150) 

470(8700) 

330sh 

R1 

green 

850 ( 6600 ) 

ca  780sh 

760sh 

695(9200) 

680 

620 ( c  a  7000) 

430 ( 5150 ) 

400sh 

400 (ca  5000) 

S 

deep  blue 

1 1 75 ( 6050 ) 

1235(4400) 

1315(4290) 

955 ( 12100) 

955 ( 14400 ) 

1005 ( 16100 ) 

605  (  1  1 1>00  ) 

590 ( 11  1O0) 

585 ( 10040 ) 

505 ( 3100 ) Sh 

475 ( 3600 ) 

450sh 

375(5 / 0O ) 

340 

420 (4140) 

01 

v 10 i e  t 

7  20 (  i  1  Luo ) 

720 

800 (ca  9700) 

5  15  (  63  5l>  j 

alb 

560  (c.a  7100) 

390 ( 5700 ' 

590s  h 

385sh 

02 

brown -ye  1  1 ow 

950 ( 7/0) 

(  b  ) 

570(3150) 


3 VO ( 3220 : 


T  a  b  1  e  V  1  i  : 


Raman  Spectra 


r- 


I 


Species 

Exc i tat  ion 

Enhanced  frequencies 

wave  1  eng  th 

icm'* ) 

( nm  ) 

- 

1,S 

488 

1600,  1550,  1480,  1165,  990,  590,  575,  450 

570 

1550,  1475,  1320,  1165,  690,  590vs,  575vs,  535 

505,  490,  450 v  s ,  395,  220.  195,  155 

457  .  V 

1600,  1550,  1485,  563 

580 

1520,  1483,  1375,  1125,  810,  6 15 ,  363vs,  540, 

490,  370,  360,  340,  320,  230,  140 

488  or  514 

1493,  1407,  1  j62,  935.  915,  591  ,  564  vs ,  524. 

620 

a  4  o  /  ,  935,  913,  391,  564  v ,  32 4 

Spectra  were  run  in  1 , 2-d l c h 1 oroe t hane .  Strong  Danas  are  underlined  and 


the  most  strongly  enhanced  are  marked  vs. 


Table  VIII:  Summary  of  Electronic  Spectroscopic  Assignments 


Oxidation 

State 


R2 

Ri 

S 

01 


Spec ies- 


Wavelength  Assignment 

Region  (nm) 


[Ru( I  I ) ( bpy ) (cat )  =  J=~  700 

500 

[Ru( I  I  I ) ( bpy ) (cat )  =  ]-  800 

700 

Ru (  I  I  )  ( bpy  )  ( sq ) s  900 

600 

500 

[Ru(  I  I  )  ( bpy )  (sq ) (q ) ] *  720 

570 


900  cat(3bi) - >  bpy  (  ti  5.  *  ) 

Ru  ( dn ) - >bpy  (Tti*  ) 

Ru ( dn ) - >bpy ( n=* ) 

900  cat(3bi) - >bpy(TtJ.;*) 

cat(3bi) - >Ru(dn)  (t 

1200  Ru(dn) - >sq(3bx) 

sq  (  n  ) - >sq  (3bJ 

Ru ( dn ) - >bpy ( nx * ) 

800  Ru(dn) - >diox(3bx) 

diox(n) - >diox(3bx) 


Figure  Legends 


Figure  1 

Molecular  structure  of  rtu  (bpy)(Diox)~  (  2  ,  S  )  . 

Figure  2 

Cyclic  vo 1 tammog  r am  oi  5.6  x  10“*  M  [ Ru ( bpy )  ( DT BDi ox ) s ]C 1 tU  (1.01)  in 
DCE  solution  with  0.1  M  TBAP.  Scan  speed  =  200  mV  s-t. 

Figure  3 

ESR  spectra  ot  (left)  [Ru ( Ppy ) ( DTBDiox ) = J - ,  i ] .HI) .  1.4  x  10-^  M  in  DCB 

at  77  K,  and  (right)  [Ru(bpy,  (DTBDiox)-]"',  (1.01).  in  tne  solid  state 
at  77  K.  The  arrows  denote  the  positions  ot  the  DPPH  signals. 

Figure  4 

Nujol  mull  FTIR  spectra  of  A)  Ru ( bpy ) ( D l o x  )  —  ( 2 . S ) .  B)  Ru ( bpy )( DTBDiox ) = 
( 1 .S ) .  C)  [Ru ( bpy )( DTBDiox ) =JPF^  (1.01),  and  D)  Cp~Co [ Ru ( bpy )( Diox ) s ] 
(2.R1) . 

Figure  5 

Electronic  spectra  ot  tne  redox  series  based  on  Ku ( bpy  )  ( D I BDiox )  =  ,  in 
DCB  solution,  prepared  by  controlled  potential  electrolysis.  The 
labelling  system  is  explained  in  tne  text. 

Figure  t> 

Five  orbital  model  for  the  (cis)  Ru  (  bpy  )  ( d  io:<  )  =  redox  series.  The 
L ( a+b )  and  d(a+2b)  orbitals  are  arbitrarily  ordered  within  each  set.  The 
left  hand  side  oi  tne  diagram  reters  to  R2  wnero  t(u)  \  1 1 J I  .  Moving 


across  the  diagram  covers  the  range  Ri,  S,  Qi  and  02  with  E(L)  >  E(d) 
for  02.  The  essential  features  of  this  qualitative  diagram  are  the 
crossing  of  the  mainly  L  and  d  orbitals,  the  extensive  mixing  thereof, 
and  the  mainly  d  nature  of  the  LUMO  in  Rl  compared  with  mainly  ligand  in 


Oi  and  02. 


E,  V  vs  F c+/Fc 


Arbitrary  R2 - 02  Scale 


